Moderate Typhoon Morakot (2009) became the most catastrophic typhoon in Taiwan on record. The MM5 numerical experiments with and without bogus data assimilation (BDA) were used to investigate the extreme rainfall mechanisms in Taiwan associated with the westbound typhoon. The BDA, based on 4DVAR, helps MM5 to maintain a more consolidated typhoon vortex and better predict the observed track after landfall, thus producing realistic extreme rainfall (about 2400 mm) at the southern and Central Mountain Range (CMR) of Taiwan. Severe rainfall in Taiwan is dominated by the CMR that hence modulates rainfall predictability.
InTRoduCTIon
In August 2009, moderate Typhoon Morakot brought more than 3000-mm accumulated rainfall in Taiwan over four days which broke historical records over the past 60 years. Such extreme rainfall caused massive landslides, debris/mudflow and overrun flooding 3 -6 m deep over many coastal villages in southern Taiwan. A total of 651 persons lost their lives due to a variety of effects from Morakot. More than three hundred people at the banks of a mountain river were buried by the flash mud slide in the early morning of the 9 th of August 2009. This catastrophic flood was denominated as the "88 Flood" since the flash flood emerged rapidly on the 8 th of August (Father's Day in Taiwan). Ironically, 2009 was a relatively dry year for East Asia, and Taiwan would have been very short of rainfall if Morakot had not made landfall, according to the special report from the National Science Council of Taiwan . The official track prediction from the Central Weather Bureau (CWB) in Taiwan was reasonably good compared to most performances at other operation centers. However, the associated 72-h accumulated rainfall in south Taiwan before landfall was 600 to 1000 mm, which appeared to be significantly under-predicted. Taiwan is located near the edge of the western North Pacific and experiences 3.7 typhoons yearly on average. The Central Mountain Range (CMR) in Taiwan, which is higher than 2 km on average, plays an effective role in intercepting the typhoon's abundant moisture on steep windward slopes. The natural environment and manmade structures in Taiwan have often suffered very much from violent wind and severe orographic rainfall associated with impinging typhoons (Wu and Kuo 1999) . In response to the complex orographic effects of the CMR, a typhoon vortex will often be changed significantly and the associated internal eyewall may become highly asymmetric making the track evolution rather complicated and thus more difficult to predict. This uncertainty in the structural changes in the vortex core greatly affects the skill of typhoon prediction with regard to the locations of intense rainfall rates and the amounts of accumulated rainfall.
The interaction between the typhoon vortex and the CMR which cause track deviations and different rainfall activities has long been a challenging problem tackled by numerous studies (e.g., Chang 1982; Bender et al. 1987; Yeh and Elsberry 1993a, b; Lin et al. 2002 Lin et al. , 2005 Wu et al. 2002 Wu et al. , 2009 Chiao and Lin 2003; Huang et al. 2005; Jian and Wu 2008; Yang et al. 2008 Yang et al. , 2011 Chien and Kuo 2011) . The intense flow associated with a typhoon striking Taiwan tends to produce persistent heavy rains over the steep windward slopes, a situation favorable for a possible "terrain-locking" mechanism that somewhat reduces the difficulty in obtaining rainfall predictability (Wu et al. 2002 Lin et al. 2005) . A fundamental problem in regard to a typhoon's rainfall in Taiwan for CWB forecasters therefore is determining how to provide a more accurate track prediction since a small track error in landfall position often leads to significant misplacement and deviation of intense wind and heavy rainfall.
Since typhoon/hurricane movements may also be influenced by the structure of the initial vortex, proper vortex bogussing often is necessary in order to provide a more realistic cyclone picture for improvement in track prediction (Leslie and Holland 1995) . Among many studies, different methods have been used to improve the initial typhoon vortex, e.g., the vortex surgery method (Kurihara et al. 1993 (Kurihara et al. , 1995 , re-implantation of the model integrated vortex (e.g., Liu et al. 1997 ), a powerful physical initialization scheme with complementary observations (Krishnamurti et al. 1993) , the inclusion of a Rankine vortex in the background analysis or by assimilation of 3DVAR (Xiao et al. 2006 (Xiao et al. , 2009 Chen 2007; Chou et al. 2008; Hsiao et al. 2010) , bogus data assimilation (BDA) using 4DVAR Zou and Xiao 2000; Pu and Braun 2001; Park and Zou 2004; Wu et al. 2006) , or the recently developed method using an Ensemble Kalman Filter (EnKF) (e.g., Chen and Snyder 2007; Wu et al. 2010a; Yen et al. 2011) . The insertion of a stronger vortex may help improve cyclone intensity forecasting since the model initial cyclone better captures the observed intensity and position. The skill in tropical cyclone track forecasting has been considerably improved at the CWB as a new bogus vortex has been implanted into the operational typhoon model (e.g., Hsiao et al. 2010 ). However, typhoon intensity forecasts, even using the sophisticated 4DVAR with BDA, are still not always skillful, partly due to the uncertainty in vortex bogussing with some semi-empirical parameters and partly due to the response of model dynamics to the bogus vortex.
Although typhoon/hurricane intensity forecasting is a challenging task, accurately predicting the associated accumulated rainfall in Taiwan may still be possible if the track can be well predicted by the model. For example, Wu et al. (2002) used the MM5 model at a 2.2 km horizontal resolution to simulate the extremely intense rainfall rate of the westbound Super-Typhoon Herb (1996) , which produced a daily rainfall of 1987 mm over the central CMR, a recordbreaking amount in Taiwan. Although the rainfall maximum for Herb was still under-predicted as 1199 mm, the major rainfall distributions in Taiwan agreed well with the observations. Another example was the severe rainfall of more than 1000 mm associated with the moderate southwest bound Typhoon Nari (2001). This typhoon has been well simulated by MM5 at a high horizontal resolution (e.g., Huang et al. 2005; Yang et al. 2008 Yang et al. , 2011 . Recently, Wu et al. (2009) successfully simulated an intense rainfall event associated with the northeast bound Typhoon Babs (1998) as its outer cyclonic flow confronted the winter monsoon flow in north Taiwan.
The westbound Typhoon Morakot in August 2009, which brought an extremely large amount of rainfall (around 3000 mm), also offers a great opportunity to examine the model predictability of island rainfall and the possible mechanisms responsible for such extreme rainfall. For this case, the synoptic environment exhibits some favorable conditions with the active East Asian summer monsoon trough providing intense southwesterly flow southwest of Taiwan. Warm ocean eddies in Morakot's path also provide certain favorable conditions for enhancing Morakot's convection . After the typhoon's passage over Taiwan, such intense southwesterly flow may be an important factor in enhancing the total accumulated rainfall in Taiwan which has also been exhibited by other typhoons, such as the northbound Typhoon Mindulle (2004) Lee et al. 2008) . Using the WRF model (Skamarock et al. 2005) , Ge et al. (2010) highlighted the importance of the steep CMR in producing the extreme rainfall in south Taiwan. Similarly, using the high-resolution WRF, the extreme rainfall associated with Morakot has been well simulated (Tao et al. 2011) . In a review of the current achievements for Morakot's prediction, Wu et al. (2010b) discussed many important factors (including physical processes, numerical methods, interaction with the underlying ocean, data assimilation, ensemble forecasting, etc.) all affecting the prediction of tropical cyclone track and intensity. These high demands certainly pose a big challenge on official CWB forecasting as well as for academic investigation.
In this study, the regional model MM5 was used to investigate the severe rainfall associated with Morakot and several possible contributors to such rainfall in Taiwan during its vigorous activity time based on a series of sensitivity experiments with BDA. This study complements other model studies with regard to severe rainfall in Taiwan (e.g., Hendricks et al. 2011; Tao et al. 2011; Yen et al. 2011) . Many issues remain worthy of exploring specifically the relative contributions of several factors (cf. the CMR, Morakot typhoon, Goni vortex, and southwest monsoon) to the accumulated rainfall in Taiwan. The model and numerical experiments are introduced in section 2. Descriptions of the synoptic conditions and the observed rainfall in Taiwan for the Morakot event are given in section 3, followed by the model results in section 4. Possible mechanisms responsible for such extreme rainfall in Taiwan are discussed in section 5. Finally, conclusions are given in section 6.
ModElS And ExpERIMEnT dESIgnS
In this study, the regional model MM5 was used to investigate Typhoon Morakot. The MM5 is the fifth-generation Pennsylvania State University -National Center for Atmospheric Research (PSU-NCAR) mesoscale model version 3.7 ). The MM5 model's physics and parameterization schemes used in this study are given in Table 1 . Three nested domains at a horizontal resolution of 45-, 15-and 5-km, respectively, are employed with the model top of 20 hPa. There are 34 layers (35 full-sigma vertical levels) used in the model experiments described in Table 2 . The initial conditions and boundary conditions were taken from the NCEP Global Forecast System (GFS) analyses and predictions (at horizontal resolution of 1° by 1°), respectively. Morakot made landfall in east Taiwan at 1550 UTC on the 7 th of August 2009. The model forecast thus was chosen to start from 0000 UTC on the 6 th of August 2009 and integrated for 72 h within which period most rainfall in Taiwan was produced.
Bogus data assimilation (BDA) was performed to enhance the initial vortex intensity . The MM5 4DVAR (Zou et al. 1997 ) was adopted to assimilate a bogus vortex at the observed typhoon center with the sealevel central pressure of 960 hPa and the radius of the 34-knot wind speed (300 km) for Morakot as estimated by the Japanese Meteorological Agency (JMA). Radial distributions of sea-level pressure and tangential wind in a gradientwind balance inside the bogus vortex are specified following Park and Zou (2004) . A three-dimensional (3-D) tangential wind at 15 vertical levels was then introduced as the surface tangential wind multiplied by different weighting coefficients that gradually decrease with height. To account for the effect of surface friction, a weaker radial wind component near the surface was also included. These three kinds of bogus observations (i.e., the sea-level pressure and wind, the near-surface radial wind, and the 3-D tangential wind) were assimilated by the MM5 4DVAR every three minutes in a time window of half an hour. The BDA was performed only for the outer domain at a 45-km horizontal resolution. The vortex structure in the second domain (15-km resolution) was specified by nesting the results of the outer domain. This BDA approach allows for the development of asymmetric flow as well as vertical circulation for the implanted vortex, as illustrated by Park and Zou (2004) .
physics/parameterization MM5
Cloud microphysics scheme Goddard SFC graupel scheme 
Experiments descriptions

M
The control run (without a bogus vortex) with the lowest level specified at σ = 0.993 (about 160 m).
MV
As in the control run, but a bogus vortex with maximum wind speed (38 m s -1
) and the radius of the wind speed at 34 knots (300 km) for Morakot are assimilated by 4DVAR. The bogus vortex is a specified Rankine vortex used to replace the vortex of the background analysis.
MV_0.998
As in MV but with the lowest level specified at σ = 0.998 (about 50 m).
MV_noTW
As in MV but with removal of Taiwan topography. The terrain heights of Taiwan island are simply reset to zero.
MV_noGN
As in MV except that the initial Goni storm has been suppressed by BDA with an additional weak bogus vortex for Goni.
MV_noMK
As in MV except that the initial Morakot typhoon has been suppressed by BDA with a weak bogus vortex for Morakot. Table 1 . A list of the MM5 model physics and parameterizations used in the numerical experiments. All physics and parameterizations are applied at the three nested model domains, except that the cumulus parameterization is deactivated in the inner (third) domain. Table 2 . Numerical experiments in this study.
SynopTICS And oBSERvEd RAInfAll In TAIwAn
The Synoptic Conditions
Typhoon Both the cyclonic systems can still be detected above 500 hPa by the global analyses as shown in Fig. 2 . As will be discussed later, the Goni vortex plays an auxiliary role in enhancing the rainfall in south Taiwan at later times when Morakot passed over Taiwan. For synoptic conditions, the East Asian summer monsoon prevailed from South Asia to the western North Pacific, as usually shown during the revival stage of July 16 th to September 30 th (e.g., Matsumoto 1989; Wang and Chen 2008) . The southwesterly to westerly flow of the East Asian summer monsoon was rather intense at lower levels during Morakot (Hong et al. 2010; Chien and Kuo 2011) .
As Morakot was steered by the environmental easterly wind at the southwest flank of the subtropical Pacific high, its major circulation was embedded into the eastern fetch of the monsoon trough. At this time, Taiwan was actually situated at the northern periphery of the prevailing wind, which was near the saddle point between the southerly wind of the Goni Storm and the northerly wind of Typhoon Morakot (Fig. 2a) . Such a monsoon trough is normally observed in South Asia during summer, but for this period the monsoon appeared to be very active and persisted for a long time, coincidentally with one developing tropical storm near Taiwan and one developing typhoon approaching Taiwan. Figure 3 shows the daily observed rainfall and the total accumulated rainfall for the three days (0000 UTC 6 August 2009 -0000 UTC 9 August 2009). Overall, Morakot brought a maximum total rainfall of about 3000 mm over the southwest slope of the central CMR. The observed rainfall during the first day (0000 UTC 6 August -0000 UTC 7 August) fell in the highlands of the CMR with a maximum of 496 mm just west of the second highest peak in the northern CMR. At this time, the outer cyclonic flow of Morakot was passing over the CMR and producing intense rainfall on the windward slope. On the second day (0000 UTC 7 August -0000 UTC 8 August), Morakot moved slower when closer to the island (see Fig. 1 ) and made landfall in east Taiwan on 1550 UTC 7 August and then covered the whole island for over 15 h due to its much slower movement near and after landfall. During the second day, most rainfall occurred near the landfall position and south Taiwan experienced the largest amount of 1108 mm in the vicinity of the southern peak of the CMR. As Morakot slowly moved away from the CMR on the third day (0000 UTC 8 August -0000 UTC 9 August), intense rainfall was produced near the same location but amazingly increased to a maximum of 1560 mm slightly (a) (b) Fig. 3 . The observed rainfall (mm) of Morakot in August 2009 during (a) the first day (0000 UTC 6 -0000 UTC 7), (b) the second day (0000 UTC 7 -0000 UTC 8), (c) the third day (0000 UTC 8 -0000 UTC 9), and (d) the three days (0000 UTC 6 -0000 UTC 9) of the prediction period.
Rainfall in Taiwan
north and southwest of the highest peak of the CMR (around 23.5°N). The tremendous rainfall primarily resulted from the convergence of Morakot's cyclonic flow and the southwesterly flow near southwest Taiwan, as will be discussed later. Consequently, the major rainfall during the three days was centered in south Taiwan, with a maximum of 2403 mm just west-southwest of the highest peak of the CMR. The rain continued to fall nearby, but contributed only a total of 500 mm or so on the fourth day (figures not shown).
ThE ModEl RESulTS
Before presenting the model predictions, the efficacy of the BDA in producing a more consolidated vortex should
be examined. The model initial conditions were based on the NCEP global analyses at 0000 UTC 6 August 2009. Without BDA, the initial model minimum sea-level central pressure of Morakot (Fig. 2 ) was only 982 hPa, which is considerably weaker than the observed intensity (960 hPa) as seen in Fig. 1 . At lower levels, the southwest monsoon flow west of 120°E is intense and larger than 10 m s -1 . The Goni vortex (near 120°E and 20°N) is still detectable at 500 hPa, but with much weaker monsoon flow to the south.
Morakot's initial circulation after BDA has been greatly intensified for Experiment MV and is much closer to the observation. Figure 4 shows the forecast sea-level pressure and near-surface wind at 0900 UTC 6 August 2009 (9 h after model integration). At this time, the MM5 provides a consolidated Morakot with a reasonable central pressure of 969 hPa as compared to the observations. Morakot's intensity, after model dynamic adjustment, is somewhat weaker than the observed in terms of central pressure, while their maximum wind speeds are comparable. The intensity forecast for Morakot will be evaluated shortly. In addition, the Goni storm also acquired some intensity with a central pressure of 987 hPa. Prior to landfall, intensities of both Storm Goni and Typhoon Morakot do not vary appreciably with time. With these featured structures of Morakot and Goni, the model results of Experiment MV and its related sensitivity experiments will be used to investigate the rainfall mechanisms for this event later on.
Track and Intensity predictions
Time evolutions of typhoon track errors and intensities for the control experiment M (without BDA) and the experiment MV (as the control experiment M but with BDA) are shown in Fig. 5 . The predicted track of MV without Taiwan's topography (i.e., Experiment MV_noTW) is also included for comparison. For MV, the track errors are 177 km at 24 h, 2 km at 48 h, and 88 km at 72 h. Although the track prediction is reasonable (with an average error of about 90 km) for MV, Morakot appears to deviate somewhat northward at slower translation speeds at earlier times as compared to the best track. These larger track errors at earlier times might be due to the model's dynamic response to the initial bogus vortex. But, Morakot then makes more definite landfall and possesses a more accurate northwestward track after landfall. The slowdown of Morakot after landfall is also well captured by MM5.
For an intensity forecast, the BDA experiment is expected to outperform the no-BDA experiment as shown in Fig. 6 . In general, Experiment M (without BDA) keeps a weaker Morakot in congruence with its weaker initial intensity, except that a gradual weakening is found at later times after Morakot makes landfall. The Morakot intensity of MV_noTW (without Taiwan topography) indeed is stronger than MV after 24 h (when Morakot is nearing landfall), and is much stronger than the observed after 36 h. This clearly indicates the efficacy of the high mountain on diminishing the typhoon intensity in MV. As a result, MV_ noTW gives larger track errors by the end of the prediction (Fig. 6c) .
Based on ensemble forecasts with regard to the sensitivity of initial synoptic perturbations (but not varying the vortex intensity), Fang et al. (2011) demonstrated the predictability of Morakot's track and the extreme rainfall among 32 member experiments. Varying the size and intensity of the initial typhoon vortex, however, may affect the track as well, as found in modeling studies (e.g., Lin et al. 2005; Wu et al. 2009 ). We have also conducted more vortex sensitivity tests by varying vortex profiles, but found no improvement in track prediction. This probably indicates a limit to the predictability of Morakot's track when only variations of 
the initial vortex profile are considered. Predictability of accumulated rainfall in Taiwan, however, is still promising as the predicted track of Morakot is not deviated appreciably as to manipulate the rainfall distribution. This will be elucidated in more detail in the next subsection. Figure 7 shows the predicted rainfall and near-surface wind for the MV experiment. Note that the model results from the sensitivity test MV_0.998 (with the lowest model ) at 24, 48, and 72 h, are also overlapped in (a), (b) and (c), respectively. Contour intervals are 50 mm for daily rainfall and 100 mm for total rainfall. In (d), the two red lines indicate the two cross sections shown in Fig. 10 . level of about 50 m) are essentially similar to MV. The northward deviated track on the first day, as mentioned above, caused the MM5 to underestimate the large rainfall near the highest peak of the CMR. Most of the major rainfall in Taiwan and especially the maximum rainfall near northeast Taiwan are well predicted when the track is closer to that observed on the second day. The distribution of extreme rainfall near the highest peak is somewhat extended northeastward in the forecast, again due to the deviated track and further northward flow convergence. As the forecasted track becomes more accurate on the third day, the distributions and amounts of major rainfall are quite similar to the observations. The predicted total accumulated rainfall in the three days agrees very well with the observations, with a maximum (2323 mm) over the windward slope of the highest peak.
Rainfall prediction
The experiment MV in this study using MM5 has shown reasonable rainfall predictions for the westbound Morakot accompanied by extreme rainfall in Taiwan. The occurrence of consistent model rainfall predictions is, of course, not mere coincidence, but rather a consequence of the "terrain-locking" mechanism as mentioned in the introduction. Predictability of the accumulated rainfall associated with typhoons impinging Taiwan at different directions was also shown by Lin et al. (2002) , Wu et al. (2002 Wu et al. ( , 2009 ), Chiao and Lin (2003) , Huang et al. (2005) and Yang et al. (2008) using MM5, and by Chien et al. (2008) and using WRF. These successful rainfall predictions benefited essentially from the presence of the high CMR in Taiwan that provides the orographic uplift of typhoon flow to produce intense rainfall. The essence of the CMR in Morakot's rainfall has also been noted by Fang et al. (2011) based on the WRF ensemble forecasts. In this study, the deterministic forecast from the MM5 with BDA agrees well with the observations (especially the track at later stages) and will be helpful to explain the possible mechanisms of the extreme rainfall in Taiwan in the next section. We have also investigated other factors (e.g., the Goni storm and the monsoon flow) that affect the extreme rainfall as well.
poSSIBlE MEChAnISMS RESponSIBlE foR ExTREME RAInfAll In TAIwAn
The Role of the CMR
To explore the role of the CMR with regard to rainfall production in Taiwan, we have conducted a terrain sensitivity experiment: MV_noTW, with a removal of the Taiwan topography, for the MV experiment. As shown in Fig. 8 , distributions of the predicted daily rainfall in general differ greatly from those with inclusion of the CMR. The rainfall maximum on the third day is less than 300 mm in south Taiwan, which is significantly smaller than that from MV (with the inclusion of Taiwan's topography). Consequently, patterns of total accumulated rainfall (not shown) do not resemble the contours of topographic heights, despite the fact that the associated landfall and track do not deviate appreciably from the observed track. We found that removal of Taiwan's topography has resulted in a significant reduction (more than two thirds) in the 72-h accumulated rainfall maximum. Not surprisingly, a relatively larger amount of accumulated rainfall is still produced in the southern portion of Taiwan, as a manifestation of the efficacy of a local convergence between the cyclonic typhoon flow and southwesterly environmental flow. Similar results are also found in Ge et al. (2010) except for the southwest convection extension. These comparative rainfall patterns may also support the contention that the extension of intense rainfall to the southwest of Taiwan, as seen in Fig. 7d , is not entirely a response to the upstream influence of the orography.
The favorable Synoptic Environments
A southwesterly flow at lower levels may become blocked by the high CMR rather than pass over since the flow is often associated with a low Froude number defined as U/Nh where U is upstream wind speed, N the stability frequency and h the mountain height (Smolarkiewicz and Rotunno 1989) . However, the Froude number associated with the flow will become much larger (over unity) for an intense typhoon vortex with the stronger wind speed and significantly reduced N due to the effects of moisture saturation.
For the Morakot case, the environmental synoptic conditions are in fact favorable for convective rainfall as the lower atmospheric flow becomes more moistened or even saturated in the vicinity of Taiwan (Hong et al. 2010; Chien and Kuo 2011) . Figure 9 shows the equivalent potential temperature (θ e ) and convective available potential energy (CAPE) at the model's lowest level (about 160-m height) above the surface. As expected, both θ e and CAPE are much lower over the continent than over the ocean. At 0000 UTC 7 August, most of the oceanic region was already well preconditioned by high θ e (above 360 K) and CAPE (up to 3000 J kg -1 ), except for the southern flank of Morakot which transported colder continental air over the CMR by the cyclonic flow. The vortex core and spiral bands of Morakot as well as the South China Sea are regions of higher CAPE. At 0000 UTC 8 August, there were local maxima of CAPE and θ e , one near the west coast of Taiwan where the Morakot vortex resided and the other near the Goni storm. High CAPE (above 3300 J kg -1 ), reaching a regime of extremely convective instability, exists along the southwesterly flow and persists for a long time. Note that the largest CAPE decreases considerably with the starting height of the parcel; for example, at about 1 km, the maximum CAPE of the monsoon belt over the ocean is only about 1000 J kg -1 . Hence, preconditioning due to low-level moistening of the synoptic environment near Taiwan has facilitated the occurrence of convective instability. Without such preconditioning, orographic uplifting by itself may not become so robust for rainfall production. This preconditioning appears to be necessary but remains insufficient to account for extreme rainfall in Taiwan. For example, intense rainfall became significantly reduced over the CMR during the fourth day (10 August) when Morakot moved northwestward toward southeast China (figures not shown), but the CAPE southwest of Taiwan remains high.
The locally Enhanced Convection
As such, the synoptic environment has provided favorable conditions for convective updrafts to develop as the upstream flow is approaching the high CMR. This locally enhanced convection, due to the preconditioning of an incoming flow, should be an important factor for the intense rainfall near and over the CMR. To understand the developed heights of the upstream upslope flow and the associated convective instability, we show in Fig. 10 the predicted equivalent potential temperature and the wind vectors at 0000 UTC 8 August 2009 at the two vertical cross sections cutting through the CMR (see Fig. 7d ). No appreciable orographic blocking is found in the front of the CMR in both sections due to that the incoming flow is rather buoyant in terms of convective instability. Convective updrafts have developed up to 10 km just over the low land west of the CMR (Fig. 10a) , which resulted from the latent heating effect of the saturated moisture as transported by the cyclonic typhoon vortex (see Fig. 7b ). For the southern section, the upstream westerly inflow, however, develops less with height ( Fig. 10b) , mainly due to the flow transition between the typhoon and environment. At the downstream side, the convective layer develops only to 7 km height or so, with much weaker vertical motions. The upward motions upstream of the central CMR are much stronger than those to the south, and in fact first appear about 100 km upstream of the mountain base. Such intense upward motions at this region are not directly caused by an orographic uplift, but mainly are a result of a strong convergence of the cyclonic typhoon vortex and the environmental flow. This may explain why there is an extension of intense rainfall to the offshore region west of south Taiwan, as seen in Figs. 7b, c. The cloud convection along the two cross-sections may be dictated by radar reflectivity as shown in Fig. 11 . The cloud convection is stronger and higher over the northern section of the CMR than the southern section. This is because the mountain is higher over the northern section. The strongest upward motions are associated with the largest reflectivity up to 60 dBZ and a top up to 14 km height. At both cross sections, the severe downslope wind east of the mountain peak advects the clouds downstream but with much less rainfall as seen in Fig. 7b . At the southern section, one zone with moderate reflectivity is present upstream of the major convection, again as a result of the convergence of the monsoon flow and the outer typhoon vortex. The rainfall extension to the west of the southern CMR is thus a manifestation of the flow convergence. These convective clouds along the flow convergence are also clearly identified by CWB radar echo maps (figures not shown, available at the CWB website). As the Morakot vortex moves northward, the flow becomes more straightforward and upslope over the northern section thus producing intense rainfall more effectively. It may explain why the maximum accumulated rainfall is present just southwest of the highest peak. In order to further identify what flow plays a major role in contributing to the enhanced effects of orographic rainfall, trajectories of particles released along the west slope of the southern CMR are investigated and shown in Fig. 12 . Evidently, the twelve particles, released at both model level heights (about 160 m and 1 km, respectively) at 0000 UTC 8 August 2009, originate from the cyclonic flow of Morakot. At 0000 UTC 9 August 2009, however, the trajectories of the further northern particles near the central CMR emanated from the outer Morakot circulations and the transition flow between the synoptic environment and Morakot typhoon. Near the southern end of the CMR, the parcels have travelled a long distance along the southwesterly belt that brings abundant moisture to facilitate rainfall near Taiwan. This convergent flow (also seen in Fig. 7b ) is quite intense in the vicinity of southwest Taiwan and plays an important role in enhancement of local convective rainfall. Figure 12 thus constructs a schematic diagram of the rainfall mechanisms at different stages associated with the westbound Morakot typhoon and the southwesterly summer monsoon, in support of the large-scale analysis by Hong et al. (2010) and Chien and Kuo (2011) . Conversely, the convergence may be induced in northeast Taiwan by the northeasterly winter monsoon and the southeasterly flow of the typhoon, which may also result in enhancement of local rainfall, as shown in Wu et al. (2009) .
The Roles of goni and Morakot
To understand why Morakot's rainfall amounts were so intense in the presence of the CMR, we conducted another two experiments using the MM5 with the same BDA to adjust the initial vortex intensity. In the first experiment (MV_noGN), a weaker bogus vortex with a sea-level central pressure of 1002 hPa was applied to suppress Storm Goni, but the same bogus vortex in the experiment MV is still used for Morakot. Similarly, in the second experiment (MV_noMK), a much weaker bogus vortex with a sea-level central pressure of 1000 hPa was applied to suppress Typhoon Morakot, while retaining the Goni intensity from the initial NCEP analysis. Consequently, initial Goni storm or Morakot typhoon can be significantly weakened using the BDA through dynamical adjustment. These two experiments were used to explore the potential contributions of Typhoon Morakot and Storm Goni to the total accumulated rainfall in Taiwan. Figure 13 shows the sea-level pressure and near-surface wind for the Experiment (MV_noGN) and the wind increments (MV minus MV_noGN) at the model initial time. For MV_noGN, there is a cyclonic circulation of the wind increments at the Goni location, while the intense Morakot vortex obtained from BDA remains little affected. We found that deactivation of the initial Goni data did not greatly change Morakot's track and intensity after model integration. In effect, the two approaching cyclone systems may have been affected by each other and such a binary interaction may have led to changes in their motions -the well-known Fujiwhara effect (Fujiwhara 1921) . From this sensitivity experiment, however, such effect seems insufficient to influence Morakot's movement, probably due to their large separation distance (Ritchie and Holland 1993) .
The sensitivity test with the deactivated Goni shows that the maximum total rainfall near the highest peak of the CMR, as found in Fig. 14, has been significantly reduced to 1737 mm, or about two thirds of the MV experiment. This great reduction is intimately related to the less developed southwesterly flow near south Taiwan (e.g., at 72 h) due to the effect of an initial weaker Goni vortex. In particular, the distributions of the accumulated rainfall during the third day (Fig. 14a ) remain similar to those for the MV experiment (a) (b) (Fig. 7c ) as Morakot's vortex core has moved to the west side of the island. This indicates that the developing Goni vortex in fact tends to strengthen the environmental flow passing around and over the CMR and thus results in more intense rainfall in south Taiwan. The role of the Goni storm in facilitating the flow convergence with the cyclonic flow of Morakot has also been shown by Chien and Kuo (2011) using global reanalysis data. Similar to Fig. 12 for the control experiment (MV), Fig. 15 shows the trajectories of the released twelve particles for the experiment with the deactivated Goni (MV_ noGN). All the trajectories at 48-h emanated from Morakot's circulation, similarly to those for the MV experiment. At 72 h, the trajectories become more concentrated from the northwest of Morakot's center and are different from those from the southwesterly flow in the MV experiment. Since the later particles originate from the colder or dryer places at higher latitudes, the rainfall tends to be reduced over the southern and central CMR.
For the second experiment, MV_noMK (with the initially deactivated Morakot), the predicted typhoon vortex cannot intensify during the first two days as seen in Fig. 16a . The Morakot vortex finally develops into a well-organized typhoon on the third day, but the vortex center has looped east of Taiwan for a long time (see Fig. 16b ). With such a vortex core never approaching Taiwan, the island rainfall distributions differ essentially with much smaller amounts (figures not shown). The environmental flows become cyclonic and northeasterly off the southeast China coast and westerly south of Taiwan, which are completely different from the southwesterly prevailing flow for the experiment MV.
ConCluSIonS
In August 2009, Typhoon Morakot became the most severe meteorological disaster ever recorded in Taiwan; it originated in the western North Pacific, evolved into moderate intensity, and brought an unexpected total accumulated rainfall of over 2400 mm in 3 days (6 th to the 9 th of August 2009) in south Taiwan. The CWB official track prediction is reasonably good as compared to most estimates at other operation centers. However, the 72-h accumulated rainfall in south Taiwan as officially issued earlier by CWB was only 600 to 1000 mm, which appears to be significantly underpredicted.
In this study, the regional model MM5 was used to investigate the mechanisms of the induced extreme rainfall ) at 72 h are also overlapped in (a). Contour intervals are 50 mm for daily rainfall in (a) and 100 mm for total rainfall in (b).
in Taiwan for Typhoon Morakot. With predicable extreme rainfall, analyses of the model results may help us to understand the associated mechanisms. The MM5 experiment with bogus data assimilation (BDA) reasonably reproduces the 72-h accumulated rainfall in south Taiwan because of a small track error of only 90 km on 72-h average. The BDA helps MM5 to produce a stronger initial vortex and maintain a more consolidated vortex prior to landfall. Major rainfall near northeast Taiwan where landfall was nearby and the maximum rainfall at the southwest slope of the central CMR were well predicted by MM5 with a more accurate track at later stages. When the predicted track was not demonstrably altered from the best track, skillful predictability of accumulated rainfalls in Taiwan has been captured by the model, due to the fact that the high mountain (CMR) in Taiwan plays a major role in effectively intercepting abundant moisture associated with the typhoon circulation as well as the environmental flow; this is confirmed by the terrain sensitivity experiments conducted in this study. The model results show that more than one half of the total accumulated rainfall will be discounted if the Taiwan topography were removed. Also, there no longer exists a close correlation between the geometric distributions of model rainfall and observed rainfall. Similar findings are also presented by Fang et al. (2011) based on ensemble forecasts in regard to initial variations in synoptic analyses (but without changing the Morakot vortex). Therefore, there exists a "terrain-locking" mechanism that might be indicative of amounts and locations of major rainfall on the windward steep slopes. But, why Morakot could bring such huge rainfall amounts to south Taiwan remains an interesting question awaiting further exploration.
As a whole, extreme rainfall in south Taiwan in fact is a consequence of many possible factors. For example, the slowdown of Morakot near and after landfall elongates the period of intense rainfall in Taiwan. In this study, we didn't specifically explore this factor, even though the model did capture its later slowdown. The moving speed of Morakot appears to play an important role in accumulative rainfall production based on an EnKF study (Yen et al. 2011) . Warm ocean eddies in the vicinity of Morakot's path also are closely involved in the enhancement of local convection embedded in Morakot . On the other hand, the synoptic environments were also favorable for convective instability to occur; for example, our model results indicate that very large CAPE (up to 3000 J kg -1 ) existed over the oceanic region covering the Morakot spiral circulation and the southwesterly monsoon belt that both transported abundant water vapor to south Taiwan which is in agreement with the observational study (Pan et al. 2011) . The atmospheric flow in fact exhibited convective instability to a depth of about 10 km just west of south Taiwan. The convective instability is much larger at low levels associated with most of CAPE. This large-scale low-level preconditioning will be favorable for enhancing intense convective rainfall near Taiwan when the cyclonic typhoon flow becomes convergent with the southwesterly flow to the southwest of Taiwan. Rainfall then can be further intensified by a strong orographic uplift on the steep slopes of the CMR. These results are consistent with the reanalysis study of Chien and Kuo (2011) .
To understand the relative importance of possible contributors to the accumulated rainfall in Taiwan, several sensitivity experiments were conducted. Vortex sensitivity experiments were conducted in this study using the BDA to adjust the initial vortex intensity. We found that deactivation of the initial Goni vortex (west of Hong Kong) has resulted in a reduction in a rainfall maximum by about one third, due to the less developed southwesterly flow to the southwest of Taiwan. This has been confirmed by the analysis of the trajectories of several particles released along the west slopes of the southern CMR. There is no southwesterly flow that reaches the CMR slopes when the Goni vortex becomes weak. Most of the major rainfall in Taiwan was produced by Morakot, itself. In contrast, deactivation of the initial Morakot vortex results in a completely different track and thus different rainfall distributions in Taiwan, as expected. Undoubtedly, the results highlight a dominant role of Morakot's intense vortex in regard to the extreme rainfall in Taiwan.
Ensemble forecasts may provide probabilistic features on track as well as rainfall (e.g., Fang et al. 2011 ). This appears to be an important but different issue. Without regard to probabilistic forecasts, we conducted several sensitivity experiments with respect to different factors including Taiwan terrain height, the Goni vortex and Typhoon Morakot. Thus, this study is more oriented for a systematic understanding of extreme rainfall in Taiwan. Based on the BDA method, we have also attempted to extend our understanding of the efficacy of monsoon intensity (e.g., Ge et al. 2010; Chien and Kuo 2011) . However, we found that the current BDA modulation still cannot well preserve the monsoon strength for a long time, due to geostrophic adjustment to the mass field. The monsoon flow change is quite transient in response to such geostrophic adjustment. Thus, the contribution of the monsoon intensity to Morakot's extreme rainfall in Taiwan remains unexplored. The impacts of the monsoon intensity and moistening condition on this event should be investigated awaiting a robust method to construct a balanced large-scale monsoon flow for sensitivity tests.
